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Carbon nanotube (CNT) growth on HfO2 is reported for the first time. The process uses a combination of Ge and Fe nanoparticles and achieves
an increase in CNT density from 0.15 to 6.2mm length/mm2 compared with Fe nanoparticles alone. The synthesized CNTs are assessed by the
fabrication of back-gate CNT field-effect transistors with Al source/drain contacts for nano-sensor applications. The devices exhibit excellent
p-type behavior with an Ion=Ioff ratio of 105 and a steep sub-threshold slope of 130mV/dec. # 2010 The Japan Society of Applied Physics
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1. Introduction
Recently, carbon nanotube ﬁeld-eﬀect transistors
(CNTFETs) are gaining much attention for sensor applica-
tions,1–3) especially bio-sensing because they oﬀer the
prospect of real-time, label-free sensing for point-of-care
diagnosis. The main advantage of CNTFETs for these
applications is a high sensitivity due to the large surface
to volume ratio of a CNT. For bio-sensing, a back gate
structure is often used because it is necessary to expose
CNTs to the biomolecules. A back gate structure also
delivers a cheap and simple fabrication process compared
with a top gate structure, which is advantageous for point-
of-care healthcare applications. Sensitivity is a key issue in
biosensors and a high Ion=Ioff ratio is desirable in achieving
this goal and can be achieved by the introduction of high- 
gate dielectrics. Among a variety of high-  materials, HfO2
is considered as one of the most promising candidates due to
a high dielectric constant of around 25.4) CNTFETs with a
HfO2 gate dielectric have also recently been researched for
application in high-speed nonvolatile memory and a strong
hysteresis eﬀect has been reported.5) The memory eﬀect of
this device is attributed to the oxygen vacancy states in HfO2
rather than the adsorption of molecules such as water. It is
very diﬃcult to place CNTs onto HfO2 using dispersion
techniques due to the hydrophobic nature of HfO2.6) Equally,
chemical vapor deposition (CVD) of CNTs on HfO2 appears
to be very hard and to our knowledge no work has been
reported on this topic to date in spite of the fact that CVD
process would be more compatible with mainstream silicon
technology.
In this paper, a CNT growth process on HfO2 is reported
for the ﬁrst time. The novel growth process uses a
combination of Ge and Fe nanoparticles to achieve a
dramatic increase in CNT yield compared with the use of Fe
nanoparticles alone. The synthesized CNTs are applied to
back-gate CNTFETs with Al source/drain (S/D) contacts
for nano-sensor devices. After H2 anneal at 400  C, the
devices exhibit p-type behavior with an Ion=Ioff ratio of 105
and a steep sub-threshold slope of 130mV/dec.
2. Experimental Methods
Ap þ Si substrate (0.005  cm) was employed as a back
gate. After a standard cleaning process, a gate dielectric
stack of SiO2/HfO2 (45/10nm) was formed. The interfacial
SiO2 layer was thermally grown and the HfO2 layer was
grown by atomic-layer deposition. A 30-nm-thick-SiO2
layer was then deposited by plasma enhanced chemical
vapor deposition (PECVD) on the HfO2 layer and densiﬁed
at 950  C. The top SiO2 layer was then implanted with
5   1015 cm 2, 20keV Ge and annealed in N2 at 600  C for
40min to create Ge nanoparticles. The top SiO2 layer was
then removed using a HF vapor etch to expose the Ge
nanoparticles on the HfO2 layer. Then the substrate was
dipped in ferric nitrate solution for 1min and rinsed with
hexane. The CNT growth was carried out using CVD in a
hot-wall reactor at atmospheric pressure. CNTs were grown
at 850  C for 20min using a mixture of methane (1000sccm)
and H2 (300sccm) immediately after a pre-anneal in H2
(1000sccm) at 900  C. For comparison, CNT growth on
HfO2 using Fe nanoparticles only was also carried out.
Back gate CNTFETs were fabricated with Al S/D
contacts for nano-sensor devices. Al was deposited by
sputtering and the S/D electrodes were formed using direct
write optical lithography and lift-oﬀ. The use of Al instead
of the more common Pd can both reduce the cost and
improve the yield, as Pd has poor adhesion to HfO2. The gap
between the S/D electrodes was 2.0mm and the width was
5.0mm. After Al patterning, the devices were annealed in
H2 at 400  C for 30min.
The synthesized CNTs were observed by means of ﬁeld
emission scanning electron microscope (FE-SEM) and high
resolution transmission electron microscope (HRTEM).
TEM sample preparation consisted of scraping the sample
surface with a surgical blade and transference onto a carbon-
coated Cu grid. The area densities of CNTs were evaluated
using FE-SEM images and ImageJ7) was used to determine
the total contour length of CNTs. Ten SEM images with a
typical size of 15mm2 were taken from the same sample and
used for quantitative analysis, with overlapping regions
being discarded. Raman spectra were obtained using a
micro-Raman system with He–Ne (  ¼ 632:8nm) laser
excitation with power of 12mW.
3. Results and Discussion
The Ge nanoparticles were evaluated by means of atomic
force microscopy (AFM). These results showed a high
particle density of 460   30 particles/mm2, with an average
particle height of 2:1   0:8nm. This result agrees well with
previous results by Min et al.8) who reported the formation
of Ge nanocrystals, by a similar process, with an average
size of 1:9   0:8nm. Figure 1 shows FE-SEM images after
CNT growth for samples using Fe nano-particles only (a)
and a combined Fe/Ge nanoparticles (b). For Fe nano-
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CNTs are occasionally seen as shown in inset of Fig. 1(a).
The area density of CNTs was estimated by the average total
length of CNTs (mm) per unit area (mm2) and found to be
0.15mm length/mm2. In contrast, the presence of the Ge
nanoparticles dramatically enhances CNT growth, giving an
area density of 6.2mm length/mm2. These results indicate
that the presence of Ge nanoparticles dramatically increases
the area density of CNTs. Furthermore, the results suggest
that selective CNT growth may possible by using photo
resist mask patterns during the Ge ion implantation.
The CNTs grown from the combined Fe/Ge nanoparticles
were characterized by micro Raman spectroscopy and the
results are shown in Fig. 2. All samples clearly showed the
radial breathing mode (RBM) and M-band, indicating that
single-walled CNTs (SWNTs) are present. The Raman
intensity ratio (ID=IG) of D-band to G-band was less than
0.1, indicating that synthesized SWNTs have a low defect
density. The diameter distribution of SWNTs is estimated at
1.5–2.0nm from the RBM peaks, though larger diameter
SWNTs may be present due to the cut-oﬀ of Raman notch
ﬁlter.
Figure 3 shows the diameter distribution of the SWNTs
which was obtained from ﬁfteen HRTEM images. The mean
diameter of 1:7   0:5nm is in good agreement with the
Raman estimate.
The origin of the SWNTs was investigated by HRTEM
and the resulting HRTEM images and corresponding
electron diﬀraction patterns are shown in Fig. 4. The
HRTEM images show the presence of at least two distinct
nanoparticles with a diameter around 6nm and SWNTs
appear to originate from these nanoparticles. The SWNTs
are wrapped with amorphous carbon layers, which are
probably due to the long growth time of 20min. The
undesirable amorphous carbon coating could be avoided
if the growth time was reduced to around 5min.9) Raman
measurements show that most of the SWNTs have a low
intensity of D-band peak which indicates the presence of
both a small amount of amorphous carbon and of defects. To
investigate the nature of the nanoparticles, TEM, operating
at 300kV, with energy dispersive X-ray analysis (EDX) was
carried out on the nanoparticle and the spectra from the
(a)
(b)
Fig. 1. FE-SEM images after CNT growth on HfO2 substrates using Fe
nanoparticles only (a) and a combination of Ge and Fe nanoparticles (b).
CNT area densities are 0.15 and 6.2mm length/mm2 respectively.
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Fig. 2. Raman spectra of CNTs grown from a combination of Ge and
Fe nanoparticles on HfO2 substrate. The inset shows radial breathing
mode (RBM), indicating that SWNTs are present.
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Fig. 3. A histogram of the diameter distribution of SWNTs obtained by
HRTEM.
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Fig. 4. (a) HRTEM image of SWNTs and nanoparticles. (b) High
magnification of the area in the nanoparticle. (c) The corresponding fast
Fourier transform image of the nanoparticle.
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As the nanoparticle is surrounded and sat on substrate
material into which Ge was implanted, it is likely that the
nanoparticle is richer in Fe relative to Ge than this ratio
implies. A lattice image of the nanoparticle was also taken
and is shown in Fig. 4(b). The measured lattice spacing
is 0.20nm and the corresponding fast Fourier transform
pattern [Fig. 4(c)] gives a lattice constant for the nano-
particle of 0.28nm which is in reasonable agreement with
the lattice constant of Fe (a ¼ 0:29nm), and quite diﬀerent
from the lattice constant of FeGe (a ¼ 0:47nm).10) In our
previous work on the growth of CNTs on Si using Ge
nanostructures, we found that the growth of CNTs was
possible from Ge nanoparticles without the presence of a
metal catalyst.11–13) However, in this work, the results in
Fig. 4 indicate that CNTs were grown from the Fe nano-
particles, rather than the Ge nanoparticles. In interpreting
these results, it should also be noted that Fig. 1(a) shows
little CNT growth when only Fe nanoparticles are present.
Thus the improvement of CNT area density when Ge
nanoparticles are combined with Fe nanoparticles can be
attributed to a reduction of interactions between the Fe
nanoparticles and the HfO2 layer due to the presence of the
Ge nanoparticles.
Figure 5 shows FE-SEM images of a back gate CNTFET
with a SiO2/HfO2 gate dielectric and Al S/D contacts. The
SWNTs bridge the 2.0mm gap between the Al S/D
electrodes, giving a channel length of greater than 2mm.
The back gate structure has been used for compatibility with
nano-sensor fabrication. We have successfully fabricated in
total more than 80 functional devices with p-type behavior.
69% of the devices show semiconducting behavior and 31%
of them show metallic behavior.
Figure 6 shows sub-threshold and output characteristics
for one of the best CNTFETs. The characteristics were
measured in ambient air and it can be clearly seen that
the devices are converted from weak ambipolar to p-type
behavior after the H2 anneal. The sub-threshold character-
istics show an excellent Ion=Ioff ratio of 105 and a reasonably
steep sub-threshold slope of 130mV/dec. The achieved
Ion=Ioff ratio of 105 at VCC ¼ 1:5V is much higher than the
previously reported value of 103 for Al contacted p-type
CNTFETs.14) However it is equivalent to or higher than
reported values for Al contacted n-type CNTFETs.15–18) The
behavior in the positive gate voltage region is mainly
attributed to gate leakage current rather than the ambipolar
conduction, because the leakage current level is very close
to the gate current. The output characteristic shows linear
characteristics at small drain voltages (VD >  0:5V) and
good saturation at large drain voltages (VD <  0:5V).
The steep values of sub-threshold slope and linear output
characteristics below saturation suggest that the Al-CNT
contact has a low Schottky barrier height. This result is
rather surprising, as earlier research on CNTFETs with Al
S/D contacts has either shown weak p-type behavior14) or
strong n-type behavior.15–18) Work is currently underway to
investigate the physical explanation for these very promising
electrical results, however it is clear that the work function
of Al is unaﬀected after H2 anneal19,20) in contrast to the
behavior of Pd.21) It can therefore be concluded the p-type
behavior is caused by the modiﬁcation of the electronic
structure of the CNTs, possibly during the H2 anneal.
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Fig. 5. (a) Low magnification FE-SEM image of Al contacted CNTFETs
on HfO2. (b) The CNT distribution between source and drain contacts.
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Fig. 6. (Color online) I–V characteristics of an Al contacted CNTFET
with channel length LG ¼ 2:0mm. (a) Subthreshold characteristics before
and after H2 anneal. The broken line shows the data for VD ¼þ 0:1V
before H2 anneal. The solid lines show the data for VD ¼  0:1 and  1:0V
after H2 anneal. (b) Output characteristics for VG ¼  1:0,  1:5,  2:0,
 2:5V after H2 anneal.
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We have developed a novel CNT growth process on HfO2
using a combination of Fe and Ge nanoparticles. The
presence of the Ge nanoparticles signiﬁcantly increases
CNT area density. The synthesized CNTs were successfully
applied to fabricate back gate CNTFETs with Al S/D
contacts. The CNTFETs show p-type behavior with an
excellent Ion=Ioff ratio of 105 and a steep sub-threshold slope
of 130mV/dec after H2 anneal.
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